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Abstract

Abnormal dendritic spine structure and function is one of the most prominent features associated
with neurodevelopmental disorders including Down syndrome (DS). Defects in both spine
morphology and spine density may underlie alterations in neuronal and synaptic plasticity,
ultimately affecting cognitive ability. Here we briefly examine the role of astrocytes in spine
alterations and more specifically the involvement of astrocyte-secreted thrombospondin 1 (TSP-1)
deficits in spine and synaptic pathology in DS.
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Down syndrome (DS) is characterized by various neurological abnormalities including
reduced brain mass, impaired neuronal differentiation, altered dendritic spine morphology
and reduced spine and synaptic density [1-6]. These structural abnormalities are directly
linked to intellectual disability (ID), one of the invariable and most prominent features
affecting individuals with DS. ID includes limitations in cognitive function such as lacking
the ability to learn adaptive behaviors or problem solving skills. ID can also lead to deficits
in self-supporting, interpersonal, and communication skills. The combination of these
cognitive deficits in a person with DS often results in significant impairment in quality of
life as well as in a compromised ability to live an independent lifestyle. Improvements in
medical care in the last 20 years have dramatically increased the life expectancy of people
with DS, who in developed countries now reach well into six decades of life. This notable
advance in medical care is however dampened by the tremendous susceptibility of
individuals with DS to develop Alzheimer’s disease (AD). In fact, approximately half of the
DS population over 60 years of age develop AD dementia and nearly all subjects with DS
develop AD neuropathology, including amyloid beta (AB) plagues and neurofibrillary
tangles [7,8].

Advances in the understanding of the human genome have paved the way for the
development of therapeutic interventions by allowing researchers to investigate candidate
genes and molecular pathways leading to DS phenotypes. For example, as it relates to
neurodevelopmental delay and cognitive dysfunction, DYRK1A (Dual-specificity Tyrosine
Phosphorylation-Regulated Kinase 1A), RCANI (Regulation of Calcineurin 1), and
DSCAM (Down Syndrome Cell Adhesion Molecule) have been identified as HSA21
candidate genes that regulate neuronal development and maturation in the brain. Studies in
mice and humans have also implicated DYRK1A, RCANI, and ETS2 (Avian
Erythroblastosis Virus E26 Oncogene Homolog 2) in exacerbating AD pathology in DS
individuals [9], highlighting the involvement of multiple genes in the DS-AD phenotype.

Gene expression analysis has shown dysregulation of trisomic and disomic genes in different
tissues associated with DS phenotypes, suggesting that disomic genes are also important in
understanding the genotype-phenotype relationship in DS [10]. Moreover, differences in
gene expression have been documented in individuals with the same genotype, and not all
trisomic genes are dysregulated at a 1.5 fold ratio. Some DS phenotypes may be more
sensitive to expression of specific genes on HSA21, while other phenotypes arise from
changes in disomic genes. This highlights the complexity of genetic interactions in the
clinical manifestations of DS and the challenges in identifying therapeutic targets directed at
attenuating specific phenotypes of the disease [9].

A large body of literature supports the notion that abnormalities in dendritic spine
development and structure are associated with ID. In fact, reduced dendritic spine density
and altered spine morphology have been widely reported in individuals with different
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degrees of 1D [11,12]. Dendritic spines are neuronal specializations responsible for receiving
input from excitatory synapses. Consequently, defects in spine density and structure are
likely to lead to synaptic and circuit alterations. To date, no therapeutic approach exists to
prevent or restore spine structure and function. This is a promising area of active research,
which may pave the way for the discovery of new therapies to ameliorate functional
connectivity at the cellular level in DS and other neurodevelopmental and neurodegenerative
conditions.

Dendritic spine pathology in Down syndrome

Dendritic spines were originally described by neuroscientist Santiago Ramén y Cajal in
1888, as small protrusions emerging from dendrites of neurons having a potentially critical
role in the connective function of the central nervous system (CNS). He postulated that these
protrusions could be neuronal contact sites, which could change by neuronal activity [13].
Currently, dendritic spines are accepted as dynamic structures, whose morphology and
lifespan are influenced by long-term potentiation (LTP) [14-16], and environmental
stimulation [17]. Most dendritic spines represent the postsynaptic component of many
excitatory and some inhibitory synapses in the CNS. They are involved in chemical
compartmentalization of calcium homeostasis, protein synthesis, neuronal connectivity, and
synaptic function [18-20].

Structurally, dendritic spines consist of a head anchored to the dendritic shaft through a
thinner stem or neck. They are classified into three main categories depending on their size
and shape: stubby, mushroom, and thin [21]. Stubby spines have a short neck and wide head
with no constriction between the head and the dendrite. Mushroom spines have a large head
and narrow neck, and thin spines are short and thin protrusions of uniform width. An
additional type of spine, known as “filopodium-like spines,” are “hair-like” structures
hypothesized to be precursors of mature spines which are present during development and
can also be found in pathological states [22,23].

Dendritic spines are dynamic structures that are constantly undergoing changes in size,
shape, and overall density throughout life. Dendritic growth is initially driven by genetic
factors, but can be modified by levels and patterns of neuronal activity [14-16,19,20,24,25].
In fact, independent studies have shown that rats exposed to environmental enrichment
[26,27], or trained on spatial learning tasks [28,29], exhibit increased dendritic spine number
and density, demonstrating the close relationship between spine density and neuronal
activity [30].

Morphological abnormalities in the architecture of dendritic spines have been linked to ID in
DS and other neurological disorders, including Rett syndrome [31], Fragile X syndrome
[32,33], and Williams syndrome [34,35]. Initial anatomopathological studies using Golgi
staining and morphological analysis of cortical neurons in the brain of subjects with ID
showed a high number of unusually long, thin spines and reduced short, thick spine
numbers. Additionally, the degree of dendritic spine loss appears to correlate with the
severity of the ID [36]. Analysis of dendrites in pyramidal neurons located in the motor
cortex of an individual with DS showed reduced number of spines and abnormally short and
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long spines, consistent with an immature developmental state [1,37]. Later studies have
expanded these early observations showing decreased number of dendritic spines in the
hippocampus of young adults with DS and further reduction of spine density in individuals
with DS who developed AD [38,39]. The decrease in dendritic spines in the brain of
individuals with DS-AD may be associated with the deterioration in cognitive function
observed in AD [40,41]. Although a progressive loss of spines has been reported as part of
the natural aging process, incremental structural changes due to DS and later to the onset of
AD can result in substantial dysfunction in neuronal networks and concurrent cognitive
decline.

Animal models of DS have also shown a close correlation between dendritic spine
abnormalities and deficits in learning and memory. For example, the Ts65Dn mouse, a
segmental trisomic model of DS, exhibits dendritic spine pathology and behavioral
abnormalities reminiscent of DS. Structural alterations in the brain of Ts65Dn mice include
enlarged spines, irregular spine heads, and globular spine shapes [42]. Ts65Dn mice also
exhibit degeneration of cholinergic basal forebrain neurons, as observed in DS adults and
people with AD. Further studies have shown that Ts65Dn mice exhibit deficits in
hippocampal-dependent memory, which correlate with structural abnormalities in dendritic
spines and dendritic arborizations. Another segmental trisomic model commonly used to
investigate the genotype-to-phenotype relationship is the Ts1Cje. Like the Ts65Dn model,
Ts1Cje mice display poor performance in hippocampal-dependent tasks and altered
dendritic spine morphology and density [43-45]. Because dendritic spines are the primary
sites for excitatory input, it is hypothesized that these alterations may be structural correlates
of the cognitive dysfunction seen in DS and other neurological disorders including a
disbalance in the ratio of excitatory/inhibitory inputs [1,37,40,41,46].

Astrocyte-secreted thrombospondin 1 as a “spinotrophic” factor

Astrocytes constitute the major glial cell population in the CNS. At the genetic,
physiological and functional level, astrocytes can be as heterogeneous as neurons [47,48].
Based on their morphology, anatomical location and antigenic phenotype, astrocytes can be
classified in at least two categories: protoplasmic astrocytes and fibrous astrocytes [49], each
of which differs from the other in some of its main functions. Astrocytes have an important
role in CNS homeostasis and brain development. They participate directly in formation of
the blood brain barrier, regulation of synaptogenesis, and modulation of neurotransmitters
and ions. They influence neuronal path finding, neuronal metabolism, and synaptic
transmission, by releasing trophic molecules such as thrombospondins (TSPs), cholesterol,
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophins 3 and
4 (NT3, NT4), and tumor necrosis factor-a (TNF-a) [50]. Additionally, astrocytes can
become reactive during pathological states and produce different responses depending on the
type of injury [51]. While most research on the topic has focused on rodent-derived
astrocytes, recently Zhang and colleagues, developed protocols for the isolation and
characterization of astrocytes from human brains and showed that, like their mouse
counterparts, human astrocytes participate in multiple functions including neuronal survival,
synapse formation and pruning and modulation of neuronal activity [52].
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The interaction between astrocytes and neurons is critical for the formation and preservation
of dendritic spines [20,53], furthermore, astrocytes modulate synaptic transmission through
the secretion of diverse molecules such as cholesterol [54], and thrombospondins [55,56].
TSPs were originally identified in conditioned medium as astrocyte-secreted factors
involved in the formation of excitatory synapses [55]. Addition of purified TSPs to retinal
ganglion cells (RGCs), recapitulated the effect of astrocyte-conditioned medium on synapse
number, implying an active role for TSPs in synaptogenesis [56]. Research in our laboratory
is aimed at understanding the molecular mechanisms underlying dendritic spine pathology in
DS. We identified thrombospondin-1 (TSP-1), an astrocyte-secreted protein, as a critical
factor that modulates dendritic spine development. Additional experiments showed that
TSP-1 secretion and the levels of TSP-1 in the conditioned medium of DS astrocyte cultures
are markedly reduced. However, TSP-1 mRNA levels were not changed, suggesting a post-
translational origin for TSP-1 deficiency in DS. Using a co-culture system of astrocytes and
primary neurons, we demonstrated that reduced TSP-1 levels produce alterations in dendritic
spine structure and reduce spine and synapse numbers [57]. These defects can be prevented
by addition of recombinant TSP-1, and are reproduced in normal astrocytes by blocking
TSP-1, suggesting an important role for TSP-1 in the formation and modulation of dendritic
spines. More recently, we have investigated spine and synaptic structure in TSP-1 KO mice.
The results show abnormal spine and synaptic densities in the hippocampal formation
associated with behavioral deficits [58]. In this context, TSP-1 deficiency may be associated
with defects in the number and morphology of spines. In DS, TSP-1 deficiency may also be
associated with the development of AD later in life. For example, reduced TSP1 levels have
been reported in sporadic AD brains [59], which may be linked to spine and synaptic
pathology, neuronal dysfunction and cognitive impairment. These findings provide a
mechanistic rationale for the exploration of TSP-1-based therapies to treat spine and
synaptic pathology in DS. We explored the potential link between mitochondrial dysfunction
and oxidative stress in DS cells as a possible cause of TSP-1 secretory deficits, given that a
similar reduction in secreted amyloid precursor protein (APPS) is observed in the
conditioned medium of DS astrocytes and neurons [60]. However, treatment with various
antioxidants and mitochondrial cofactors were not able to increase TSP-1 secretion in DS
astrocytes [57].

Contribution of Interferon in Down syndrome pathology

Alternatively, TSP-1 deficits may be associated with Interferon-y (IFN-y) hypersensitivity
in DS [61,62]. IFN-v is part of the interferon family, best known for its modulatory effects
on the adaptive and innate immune response [63]. It is primarily secreted by T-cells, but low
levels have also been reported in astrocytes [64], endothelial cells [65], and activated
microglia [66]. In individuals with DS, there is increased sensitivity to interferon (IFN) [67],
which is likely related to the presence of several genes encoding interferon ligands and four
genes that encode IFN receptors in HSA21. In fact, a recent study showed that fibroblasts
from DS individuals exhibit increased expression of interferon-stimulated genes [62].
Dysregulation of IFN-y has been documented in DS mouse models [68-70], and maternal
anti-IFN treatment has proven effective at improving embryonic development in DS mice
[70]. Although IFN-y has been shown to have protective properties, its overexpression can
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also cause negative effects on the brain. For example, in a mouse model of AD, IFN-y
suppressed AD pathology by decreasing hyperphosphorylated tau levels and increasing
neurogenesis, all while enhancing accumulation of A in the hippocampus [71]. Other
studies have shown that the effect of IFN-vy is concentration dependent. At low
concentrations, there seems to be a protective effect by supporting neurogenesis, while at
high concentrations this protective effect is counteracted by TNF-a activity [72]. The
connection between IFN hypersensitivity and TSP-1 low levels in DS relates to the fact that
IFN has a potent inhibitory effect on protein glycosylation with a much less pronounced
effect on protein translation [73]. Specifically, treatment of human cells with IFN inhibits
TSP-1 secretion significantly without changing its mMRNA levels [74], which is similar to our
findings in DS astrocytes [57]. Together, these results suggest that the deficits in TSP-1
observed in DS astrocytes may be directly related to the upregulation of IFN-y signaling.
Ongoing studies in our laboratory are directed to examine this possibility and to develop
pharmacological approaches to normalize TSP-1 levels.

In summary, the research reviewed here highlights the role of astrocytes in dendritic spine
pathology in DS. Defects in spine structure and number may lead to synaptic and circuit
alterations. To date, no effective treatment exists to prevent or restore dendritic spine
structure and function. The exploration of astrocyte-secreted TSP-1 as a therapeutic target
may prove useful to ameliorate spine pathology and cognitive impairment in DS and other
neurological conditions associated with spine and synaptic loss.
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Figure 1. Modulation of dendritic spine morphology by TSP-1
Under normal conditions (NL), TSP-1 supports the development of dendritic spine

morphology and number (A). In DS, increased sensitivity to IFN-y inhibits TSP-1
glycosylation and secretion resulting in increased number of thin and filopodium-like spines,
reduced number of stubby and mushroom spines and an overall decrease in spine number
(B). We propose that this maladaptive plasticity mechanism ultimately leads to changes in
synaptic activity, neuronal network dysfunction and cognitive alterations.
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